In Vitro and In Vivo Characterization of a Novel
T argeted therapy for cancer has shown promise as a safe, effective alternative to highly toxic chemotherapeutic approaches. The clinical and commercial success of humanized mAbs Herceptin and Rituximab, which are used to treat metastatic breast cancer and B cell lymphoma, respectively, has prompted the development of a wide variety of Ab-based therapies for both solid and blood-borne tumors (1) (2) (3) . The mechanisms of action of therapeutic Abs include direct antiproliferative and proapoptotic effects on their targets (4, 5) . In addition, through their Fc domains, Abs may activate Ab-dependent cellular cytotoxicity (ADCC) 3 (6 -8) and phagocytosis (9) , which may aid in tumor elimination.
Despite the promise of Ab-based immunotherapy, there are a number of potential problems with Ab-based tumor targeting. Abs only recognize Ags expressed on the cell surface; however, there are other tumor Ags that are expressed as intracellular proteins. Moreover, because many tumor-specific Ags are derived from an aberrant expression of cell type-specific proteins, many tumor Ags are expressed on only a small number of tumor types, potentially limiting the number of tumors that could be treated by any onetargeted therapy. Furthermore, tumor Ag expression is often heterogeneous, where the Ag may be expressed on the primary tumor but not on distant metastases of that tumor. Finally, tumor Ags shed from the surface of tumor cells can occupy the binding sites of antitumor-specific Abs, reducing the number of active molecules and resulting in decreased tumor cell death (10) . Thus, it would be useful to be able to target a broader range of tumor Ags that may be derived from either intracellular or extracellular proteins that are not subject to the problems of Ag shedding.
The tumor suppressor protein, p53, is mutated and/or overexpressed in a wide variety of human malignancies (11) (12) (13) , and its overexpression can correlate with poor prognosis (14, 15) . Thus, p53 may be targeted as a general tumor Ag, but because it is an intracellular protein, it cannot be targeted by Ab-based therapies. Instead, p53 peptides presented in the context of HLA have been used as target Ags for T cell-based cancer therapy approaches, including tumor vaccination and ex vivo T cell stimulation and expansion (16, 17) . Although these approaches have shown some promise in animal models and some early-stage clinical trials, both of these methods are time consuming, laborious, expensive, and lack standardization, making them unsuitable for treating large patient populations (16, 17) . Thus, a therapeutic molecule that can recognize and bind to Ags derived from intracellular proteins such as p53 would significantly broaden the range of tumor Ags that can be targeted.
We have described the construction, expression, and characterization of a soluble three-domain mouse single-chain TCR (scTCR), which recognizes a wild-type human p53 peptide (aa 264 -272) presented in the context of HLA-A2.1 (264scTCR) (18) . As an IL-2 fusion protein, the 264scTCR retains its MHC-restricted, peptide-specific, Ag-binding properties, whereas the IL-2 portion binds to IL-2R and retains biological activity. Moreover, these studies demonstrate that this fusion protein mediates conjugation of target and effector cells, exhibits favorable pharmacokinetics in mice, binds to target tumor cells, and has antitumor effects (18) .
In the studies reported here, we constructed a scTCR fusion protein that resembles an Ab. The Ag recognition portion of the fusion protein is composed of a 264scTCR, and a human IgG1 H chain provides the effector function domain. Fusion of the 264scTCR to the IgG1 H chain allows for dimer formation via the natural disulfide bonding in IgG1 molecules. We evaluate the ability of our fusion protein to bind specifically to cells in vitro as well as reduce metastasis in an in vivo experimental metastasis model. We also explore the possible mechanisms by which this protein might function. Our data indicate that this molecule exhibits many major characteristics of a mAb and that it is possible to create scTCR-based, Ab-like molecules that recognize Ags derived from intracellular proteins such as p53. These novel targeted therapies could prove to be potent immunotherapeutics.
Materials and Methods

Materials
A2.1 264 CTL clone no. 5 was derived by limiting dilution cloning (19) from a CTL line specific for the human p53 (aa 264 -272) peptide generated in HLA-A2.1-transgenic mice (11) . Expression vectors for producing peptide-loaded HLA-A2 tetramers were a generous gift from Dr. John Altman at Emory University (Atlanta, GA). CHO.K1 Chinese hamster ovary, T2 human lymphoblast, U937 human promyeloma cells, H57-597, BB7.2, and (BF 1 ) 8A3.31 hybridoma cell lines were purchased from American Type Culture Collection. T2 human lymphoblast cells are positive for HLA-A2.1 but deficient in TAP 1 and 2 proteins, which allow them to display empty MHC molecules on their surface that can then be loaded with exogenous peptide (20) . The H57-597 hybridoma produces a mAb that recognizes an epitope in the murine TCR-␤ constant region, and the BB7.2 hybridoma produces a mAb that specifically recognizes an epitope on the ␣2 domain of HLA-A2. The (BF 1 ) 8A3.31 hybridoma produces a mAb that recognizes an epitope in the human TCR-␤ constant region. A highly metastatic subclone of the human melanoma cell line A375, A375-C15N, was used for in vivo metastasis studies and was maintained by Dr. John Francis at the Florida Hospital Cancer Research Institute (Orlando, FL) (21) . Anti-TCR C␤ mAb H57-597, anti-murine TCR V␤3 mAb, and FITC-labeled goat anti-mouse IgG were obtained from BD Pharmingen. Anti-IgG F(abЈ) 2 and HRP-conjugated anti-IgG were purchased from Pierce and The Binding Site, respectively. All cell culture media and additives were purchased from Mediatech, and all cell culture materials were purchased from Nunc unless otherwise noted. All mice were purchased from Harlan. Biotinylated peptide/HLA-A2 reagents were generated as described previously (22) .
Cell culture
All cell lines were maintained in complete culture medium comprising IMDM supplemented with 10% FBS plus 2 mM L-glutamine and grown at 37°C with 5% CO 2 . A375-C15N cells were maintained in RPMI 1640 with 10% heat-inactivated FBS, penicillin, and streptomycin (Invitrogen Life Technologies). For induction of Fc␥R, U937 cells were cultured for 48 h in IMDM supplemented with 10% FBS, 2 mM L-glutamine, and 62.5 ng/ml human IFN-␥ (R&D Systems).
Constructs
The TCR gene was cloned from the T cell clone A2.1 264 no. 5 as described previously (18) . We designated the scTCR derived from this T cell clone 264scTCR. To generate the 264scTCR/IgG1 expression construct, the three-domain single-chain 264scTCR was amplified using the 264scTCR/IL-2 fusion protein construct as a template (18) . The scTCR fragment was ligated into an Ab H chain expression vector, replacing the Ab variable region to yield a scTCR fused to a human IgG1 H chain region. A control fusion construct, 264scTCR/trIgG1, was created by truncating the IgG1 heavy domain before the hinge region, which prevented disulfide bonding. The CMV scTCR (CMVscTCR) was cloned from CTLs stimulated with HLA-A2-restricted CMV-pp65 peptides. The IgG1 fragment was amplified from 264scTCR/IgG1 DNA to create the CMVscTCR/IgG1 construct. For production of the fusion proteins in mammalian cells, CHO.K1 cells were electroporated using a Bio-Rad Gene Pulser, followed by limiting dilution cloning and selection in medium containing 1 mg/ml G418.
Protein purification
264scTCR/IgG1 and 264scTCR/trIgG1 were purified from cell culture supernatant fluid by immunoaffinity chromatography using the H57-597 mAb coupled to a Sepharose 4B column (Amersham Biosciences). CMVscTCR/ IgG1 was purified from cell culture supernatant fluid by immunoaffinity chromatography using the (BF 1 ) 8A3.31 mAb coupled to a Sepharose 4B column (Amersham Biosciences). The purified samples were concentrated and buffer-exchanged into PBS using an Ultrafree-15 centrifugal filter with a 30-kDa molecular mass cutoff membrane (Millipore). The TCR fusion protein samples were stored at 2°C to 8°C (short term) or at Ϫ80°C (long term) for biochemical and functional analyses.
SDS-PAGE
SDS-PAGE was performed under reducing or nonreducing conditions using 4 -20% polyacrylamide gels (NOVEX) and the NOVEX EX-Cell II system. SDS-PAGE gels were stained with Coomassie blue.
ELISA
For determination of 264scTCR/IgG1 concentration from transfected CHO.K1 cells, Maxisorp 96-well plates (Nunc) were coated with antihuman IgG F(abЈ) 2 (Pierce). Purified 264scTCR/IgG1 fusion protein was added and incubated for 1 h at room temperature. After washing, bound fusion protein was detected with HRP-conjugated sheep anti-human IgG1 (The Binding Site) and ABTS substrate (BioFX) and then quenched with 1% SDS (BioFX). Concentration of 264scTCR/IgG1 was determined by comparison to a known Ab standard curve. For demonstration of peptide/ MHC binding, streptavidin plates were coated with p53 (aa 264 -272)-loaded HLA-A2 monomers, and purified 264scTCR/IgG1 fusion protein was added and incubated for 1 h at room temperature. After washing, bound fusion protein was detected with HRP-conjugated sheep anti-human IgG1 (The Binding Site) and ABTS substrate (BioFX) and then quenched with 1% SDS (BioFX). For all ELISAs, absorbance was measured at 405 nm using a 96-well plate reader (Bio-Tek Instruments).
Cell staining with 264scTCR/IgG1
T2 cells pulsed with either p53 (aa 149 -157) or p53 (aa 264 -272) peptide were incubated with 8.0 pM 264scTCR/IgG1 or 264scTCR/trIgG1 fusion protein in 1% FBS in PBS for 30 min at room temperature. Bound fusion protein was detected with PE-conjugated anti-TCR C␤ mAb. Samples were washed with 1% FBS in PBS before analysis on a FACScan flow cytometry instrument (BD Biosciences).
U937 cells were cultured for 48 h with 62.5 ng/ml human IFN-␥ to increase expression of FcR on the cell surface. Cells (2 ϫ 10 5 /sample) were washed and incubated with or without 4 g of 264scTCR/IgG1 fusion protein for 30 min at room temperature. After washing, cells were incubated with 4 g of PE-conjugated, HLA-A2/p53 (aa 149 -157)-or (aa 264 -272)-loaded tetramers for 30 min at room temperature. After washing, the samples were analyzed by flow cytometry.
A375 melanoma cells were stained with either 264scTCR/IgG1 fusion protein or control fusion protein CMVscTCR/IgG1. A375 melanoma cells were cultured on coverslips for 24 h. The cells were fixed with 3.7% formaldehyde for 5 min and washed twice with washing buffer (0.5% BSA and 0.1% sodium azide in PBS). The cells were stained with 10 g of 264scTCR/IgG1 or CMVscTCR/IgG1 fusion protein in 200 l of PBS containing 5% normal goat serum for 45 min at 23°C. The cells were washed twice and incubated with 6 g of FITC-conjugated F(abЈ) 2 goat anti-human IgG Fc (Jackson ImmunoResearch Laboratories). The cells were washed three times with equilibration buffer (Molecular Probes). Coverslips were mounted on glass slides with anti-fade reagent in glycerol buffer (Molecular Probes) and sealed with nail polish. The slides were documented using a Nikon epifluorescence microscope (Nikon) with a SPOT RT camera and SPOT RT software v3.2 (Diagnostic Instruments).
For flow cytometric analysis, A375 cells were detached with 10 mM EDTA in PBS (pH 7.4) and washed twice with washing buffer. The cells were fixed with 3.7% formaldehyde for 5 min and washed twice. Cell staining was conducted using 4 g of 264scTCR/IgG1 or CMVscTCR/ IgG1 fusion protein in the presence or absence of 20 g of HLA-A2.1/p53 (aa 264 -272) tetramers for 45 min at 23°C. The cells were washed once and incubated with 6 g of FITC-conjugated F(abЈ) 2 goat anti-human IgG Fc␥ as above. After washing twice, the cells were resuspended and analyzed on a FACScan flow cytometry instrument (BD Biosciences) with CellQuest software (BD Biosciences).
Affinity determinations
The affinity of the dimeric 264scTCR/IgG1 fusion protein for HLA-A2.1/ p53 (aa 264 -272) was compared with the affinity of the monomeric 264scTCR/trIgG1 fusion protein by surface plasmon resonance (Biacore). Approximately 1300 resonance units of biotinylated p53 (aa 264 -272)/ HLA-A2.1 complex were immobilized on a streptavidin sensor chip. Each surface was used one time only. The average affinity constants were calculated based on data from three different scTCR fusion protein concentrations (5, 10, and 20 M) using the Biacore computer software Biaevaluation 3.1 (Biacore).
Cell conjugation
T2 cells pulsed with either p53 (aa 264 -272) peptide or (aa 149 -157) peptides were labeled with 12.6 g/ml dihydroethidium (HE) (Molecular Probes), and U937 cells were labeled with 80 ng/ml calcein AM (Molecular Probes). After washing, the two populations of labeled cells were mixed together at a 1:1 ratio in the presence or absence of 2.5 g of 264scTCR/IgG1 fusion protein for 20 min at room temperature. Cells were then analyzed on a FACScan flow cytometry instrument.
Pharmacokinetics in mice
For all experiments involving animals, principles of laboratory animal care were followed, as well as specific national laws where applicable. Female athymic nude mice were injected i.v. via the lateral tail vein with 250 g of 264scTCR/IgG1 fusion protein diluted with PBS to a total volume of 100 l. Serum was collected from one group of mice not injected with 264scTCR/IgG1 to establish background levels. Serum was collected by tail bleed from the injected groups at 15 and 30 min and 1, 2, 4, 8, and 24 h. Blood samples were centrifuged at 14,000 ϫ g at 4°C for 10 min, and serum was collected and stored at Ϫ80°C until use. 264scTCR/IgG1 concentrations were determined by ELISA using anti-TCR V␤3 mAb for capture and HRP-conjugated sheep anti-human IgG1 Ab for detection.
Experimental metastasis assay
Female athymic nude mice were injected with 5.0 ϫ 10 5 A375-C15N cells via the lateral tail vein on study day 0. The tumors were allowed to establish for 3 days and then the animals were injected i.v. with varying doses of either 264scTCR/IgG1 (0.1-30 mg/kg in 100 l of total volume), PBS, or ␣Stx-2 (an irrelevant Ab isotype-matched control at 30 mg/kg in 100 l of total volume) on study days 3, 7, 10, 14, 17, 21, 28, and 35 posttumor cell injection. Forty-two days after tumor cell injection, all animals were sacrificed humanely, the lungs were removed and fixed in Bouin's solution, and surface pulmonary tumor nodules were counted. Two observers counted tumor nodules on each lung, and the average counts were recorded. The ␣Stx-2 Ab, a chimeric IgG1 Ab (mouse variable/human H and L chain constant region), was created in our lab and has been described previously (23) . This Ab recognizes an epitope on Escherichia coli 0157 shigatoxin protein and was used for these studies as an irrelevant isotype control.
ADCC
T2 cells were loaded with p53 (aa 264 -272) peptide and used as target cells. Target cells were labeled with 50 g/ml calcein AM (Molecular Probes) for 30 min at 37°C and washed twice. Effector PBMCs were isolated from buffy coats (Community Blood Centers of South Florida) using the one-step gradient method with Histopaque-1077 (Sigma-Aldrich). To measure ADCC activity, 2 ϫ 10 6 effector cells were incubated with 2 ϫ 10 4 target cells in 0.25 ml of complete medium with either 264scTCR/IgG1 or CMVscTCR/IgG1 fusion protein at 20 g/ml. The fluorescent intensity of culture supernatant fluid was measured after 4 h with a fluorescent plate reader (excitation ϭ 485 nM; emission ϭ 538 nM; cutoff ϭ 530 nM). ADCC activity was calculated using the following formula: percentage of cytotoxicity ϭ (fluorescent intensity of test sample Ϫ fluorescent intensity of target cells with medium)/(fluorescent intensity of target cells treated with 0.04% Triton X-100 Ϫ fluorescent intensity of target cells with medium) ϫ 100. Data are reported as the mean of triplicate determinations Ϯ SEM. Statistical significance was determined by paired t test analysis.
Results
Generation of TCR fusion protein constructs
We have constructed a fusion protein composed of a three-domain scTCR that recognizes an unmutated peptide from human p53 (aa 264 -272) (18) fused to the constant domain of the human IgG1 H chain. The scTCR portion of this fusion protein comprises the TCR V␣ region linked to the V␤/C␤ regions via a flexible linker (G 4 S) 4 (24) . The C␤ domain, which is directly linked to the V␤ domain, is truncated at the amino acid residue just before the final cysteine, removing the transmembrane and cytoplasmic domains, to generate a soluble scTCR molecule. This scTCR is linked directly to the constant domain of the human IgG1 H chain (Fig. 1) . The cysteine residues in the hinge region of the H chain are intact, which allows for appropriate disulfide bonding of the H chain regions and thus covalently linked dimer formation of the 264scTCR/IgG1 fusion protein.
Expression of TCR/IgG1 fusion protein in mammalian cells
To characterize the soluble 264scTCR/IgG1 fusion protein, CHO-K1 cells were stably transfected with the 264scTCR/IgG1 expression vector. To determine the concentration of secreted protein, the fusion protein was captured with an anti-IgG F(abЈ) 2 and detected with an anti-IgG1 HRP conjugate. Concentrations of the 264scTCR/IgG1 fusion protein were estimated based on comparison to an IgG1 Ab standard. To determine whether secreted protein can bind peptide-loaded HLA, the fusion protein was captured with biotinylated HLA-A2/p53 (aa 264 -272) monomers on streptavidin-coated plates and detected with anti-IgG1 HRP conjugate. Positive signals for ELISAs in either format indicate that the transfected cells secrete 264scTCR/IgG1 fusion protein that is assembled properly, folded, and secreted from the transfected cells. Moreover, the TCR portion of 264scTCR/IgG1 retains peptide-specific MHC binding ability in this fusion protein format.
The 264scTCR/IgG1 fusion protein was purified from transfected cell supernatants by immunoaffinity chromatography using 
FIGURE 2. Production of 264scTCR/IgG1 fusion protein in transfected
Chinese hamster ovary cells. The secreted fusion protein was purified by immunoaffinity chromatography and subjected to SDS-PAGE under either reducing (R) or nonreducing (N) conditions. SDS-PAGE gels was stained with Coomassie brilliant blue.
an anti-murine TCR C␤ mAb, H57-597. Purified protein was subjected to SDS-PAGE and Coomassie staining (Fig. 2) . Under reducing conditions, the major protein band was ϳ75-80 kDa, which is consistent with the calculated molecular mass for this protein based on its deduced amino acid sequence. Under nonreducing conditions, the molecular mass of the predominant protein band was ϳ170 -180 kDa. The apparent shift in molecular mass of the 264scTCR/IgG1 under reducing vs nonreducing conditions is to be expected because there are cysteine residues in the H chain regions that form disulfide bonds. Thus, as with an IgG1 Ab, the 264scTCR/IgG1 fusion protein forms dimers.
MHC/peptide binding of the TCR portion of 264scTCR/IgG1
The ability of the 264scTCR/IgG1 fusion protein to bind to peptide-loaded MHC on the surface of APCs was determined by flow cytometry. T2 lymphoblast cells were loaded with p53 (aa 264 -272) or p53 (aa 149 -157) control peptide and incubated with purified 264scTCR/IgG1 fusion protein. After several wash steps, the cells were incubated with PE-labeled anti-TCR mAbs to detect cell-bound fusion protein (Fig. 3) . T2 cells loaded with p53 (aa 264 -272) peptide stained positively with 264scTCR/IgG1, whereas cells loaded with p53 (aa 149 -157) showed little or no staining, indicating that the 264scTCR/IgG1 could stain cells in a peptide-specific manner. We also attempted to stain peptide-loaded T2 cells with monomeric 264scTCR/trIgG1 fusion protein and found that no staining was observed on cells loaded with either p53 (aa 264 -272) or p53 (aa 149 -157) peptide. These results demonstrate that the bivalent nature of 264scTCR/IgG1 greatly increased its ability to stably bind MHC-peptide complexes on the surface of cells.
Binding affinity of 264scTCR/IgG1
To determine whether the intensity of staining observed with 264scTCR/IgG1 could be attributed to a high binding affinity, we performed surface plasmon resonance assays. The binding affinity (K D ) of the dimeric 264scTCR/IgG1 with HLA-A2.1/p53 (aa 264 -272) complexes was estimated to be 5.6 ϫ 10 Ϫ7 M, which is significantly higher than the monomeric 264scTCR/trIgG1 (K D of 2.2 ϫ 10 Ϫ6 M; Table I ). The increased affinity of the 264scTCR/ IgG1 fusion protein likely contributes to its ability to bind strongly to the correct peptide/MHC pair.
Binding of the Fc domain of 264scTCR/IgG1 to FcR
To demonstrate the ability of the IgG1 Fc portion of the 264scTCR/IgG1 fusion protein to bind to FcR, U937 human promyeloma cells were stimulated with human IFN-␥ to increase expression of the FcR on the cell surface. Stimulated as well as unstimulated cells were incubated with 264scTCR/IgG1 fusion protein, and bound fusion protein was detected with PE-conjugated HLA-A2.1/p53 (aa 264 -272) or HLA-A2.1/p53 (aa 149 -157) tetramers and analyzed by flow cytometry. When the 264scTCR/ IgG1 fusion protein was used, cells stained positively following incubation with HLA-A2.1/p53 (aa 264 -272) tetramers but not with HLA-A2.1/p53 (aa 149 -157) tetramers. Moreover, positive staining with 264scTCR/IgG1 fusion protein was significantly more intense when the cells were stimulated with human IFN-␥, which is known to increase the expression of FcR on U937 cells (Fig. 4) . Thus, these data indicate that the IgG1 portion of the 264scTCR/IgG1 fusion protein is capable of binding to FcRs.
Conjugation of cells mediated by 264scTCR/IgG1 fusion protein
In order for the 264scTCR/IgG1 fusion protein to be useful as a therapeutic, it must be able to bring together target and effector cells through the TCR and Fc components, respectively. To demonstrate that the 264scTCR/IgG1 fusion protein can effectively conjugate cells, T2 cells were loaded with either p53 (aa 264 -272) or p53 (aa 149 -157) control peptide and then stained with HE. U937 effector cells were differentially stained with calcein AM. The two stained cell populations were mixed, incubated in the presence or absence of 264scTCR/IgG1, and analyzed by flow cytometry. When the two cell populations were incubated in the absence of the 264scTCR/IgG1 fusion protein (Fig. 5, A and B) or when the T2 cells were loaded with control peptide p53 (aa 149 -157) and incubated with the U937 cells in the presence of 264scTCR/IgG1 fusion protein (Fig. 5C ), the cells remained as two distinct populations on the flow cytometry histograms (Fig. 5,  A-C, regions 1 and 3) . However, when the T2 cells were loaded with p53 (aa 264 -272) peptide and incubated with the U937 cells in the presence of the 264scTCR/IgG1 fusion protein (Fig. 5D) , a double-stained population of cells appears (Fig. 5D , region 2, conjugated cells), indicating that T2 cells were conjugated to U937 cells via the 264scTCR/IgG1 fusion protein. These data demonstrate that the 264scTCR/IgG1 fusion proteins can mediate conjugation of effector cells to target cells.
Tumor cell staining
To demonstrate the ability of 264TCR/IgG1 fusion protein to bind to tumor cells, the A375 human melanoma cell line, shown in our laboratory to be HLA-A2.1 and p53 positive (data not shown), was used. The 264TCR/IgG1 fusion protein positively stained the A375 cells (Fig. 6A ), while staining with CMVscTCR/IgG1 was not detectable above background (Fig. 6B) . Staining of A375 cells with 264scTCR/IgG1 was reduced by the addition of HLA-A2.1/ p53 (aa 264 -272) tetramers (Fig. 6C) , indicating that 264scTCR/ IgG1 specifically binds to tumor cells via the scTCR portion of the fusion protein.
Serum half-life of 264scTCR/IgG1 in mice
The pharmacokinetics of the 264scTCR/IgG1 fusion protein was measured in nude mice. All mice were injected with a single i.v. dose of 264scTCR/IgG1 and showed no obvious signs of toxicity. Serum samples were collected at various time points, and the 264scTCR/IgG1 fusion protein concentration was determined using ELISA. In these assays, a maximum concentration of ϳ8.8 g/ml 264scTCR/IgG1 was detected with an apparent serum halflife of 4 h (Fig. 7) . This is consistent with the apparent serum half-life of the 264scTCR/IL-2 fusion protein (18) .
Effect of 264scTCR/IgG1 on tumor growth in nude mice
To determine whether the 264scTCR/IgG1 fusion protein exhibits antitumor activity in vivo, an experimental metastasis assay was performed. Female athymic nude mice were injected with the highly metastatic A375 human melanoma subclone, A375-C15N, and tumors were allowed to establish for 3 days. Animals were then treated with varying doses of 264scTCR/IgG1, ␣-Stx-2 (an irrelevant IgG1 isotype control Ab), or vehicle. Forty-two days after tumor cell injection, lung nodules were counted. 264scTCR/ IgG1 reduced lung metastasis in a dose-dependent manner reaching maximum reduction of metastasis at the 1 mg/kg dose, whereas the isotype control failed to reduce metastasis (Fig. 8) . These data indicate that the 264scTCR/IgG1 fusion protein exhibits potent anti-metastatic activities in vivo and has potential use as a cancer therapeutic in humans.
ADCC
One possible mechanism of action for therapeutic Abs is ADCC, which is mediated by the FcR-binding portion of the IgG molecule. Because the 264scTCR/IgG1 fusion protein contains a FcR-binding domain, we investigated whether this fusion protein could mediate ADCC. T2 cells loaded with p53 (aa 264 -272) peptide and labeled with calcein AM were used as target cells, and human PBMCs were used as effector cells. Target and effector cells were mixed together at a 1:100 ratio in the presence of 264scTCR/IgG1 or CMVscTCR/IgG1 fusion protein. Cell killing with 264scTCR/ IgG1 ranged from 48 to 89%, while cell killing with CMVscTCR/ IgG1 protein was significantly lower ( p ϭ 0.02) (Fig. 9 ). These data indicate that the 264scTCR/IgG1 protein is capable of mediating ADCC and that this mechanism may play a role in the antitumor activity of this fusion protein. Given that the population of FcR-positive effector cells in PBMCs used for the ADCC experiment is ϳ15-20% of the population, the high level of killing seen in these assays suggests that there may be one or more other mechanisms of action used for cell killing mediated by 264scTCR/IgG1.
Discussion
In these studies, we have described the construction and characterization of a novel 264scTCR/IgG1 fusion protein, which recognizes an unmutated peptide from human p53 (aa 264 -272) presented in the context of HLA-A2.1. The IgG1 H chain domain confers FcR binding and allows for dimer formation, and the 264scTCR portion of the molecule confers peptide-specific MHC binding. This fusion protein is capable of specifically staining tumor cells and promotes target and effector cell conjugation. The 264scTCR/IgG1 fusion protein also has potent antitumor effects in an in vivo tumor model and can mediate cell killing by an ADCC mechanism of action. Thus, we have demonstrated that it is feasible to create scTCR fusion molecules, which are functionally equivalent to therapeutic mAbs but with the ability to recognize target Ags derived from intracellular proteins.
The development of TCR-based therapeutic agents has been precluded by the difficulty of producing stable, functionally active TCR molecules in sufficiently large quantities (25) (26) (27) (28) (29) (30) (31) (32) . We have overcome this obstacle by constructing soluble, single-chain, three-domain TCR molecules comprising the TCR-␣ variable domain linked to the TCR-␤ variable and constant regions (18, 33) . These constructs are active with respect to specific peptide/MHC binding, easily expressed in large quantities in mammalian cells, and readily purified for use in in vitro and in vivo assays (18) . Expression and secretion of scTCR-based proteins in mammalian cells offers advantages over bacterial expression systems that require time-consuming, laborious refolding methods to produce TCR-␣/␤ heterodimers (28, 30, 32) . In addition, solubly expressed scTCRs can be genetically fused with molecules exhibiting effector functions such as cytokines to create bifunctional-bispecific fusion proteins. For example, scTCR molecules linked to human IL-2 (18), GM-CSF, and IFN-␣2b (K. Card, unpublished observations) have been produced and shown to retain their respective bispecific functions. In another approach, Abs with specificity to peptide/MHC complexes have been generated and have been used to quantitate peptide/MHC complexes on the surface of APCs and deliver cytotoxic effector toxin to APCs in a peptide-dependent manner (34, 35) .
TCRs are known to have low affinity for cognate peptide/MHC complexes due to negative selection in the thymus during the T cell maturation process (36) . In addition, the density of a particular epitope displayed in the context of MHC on an APC surface is predictably low (34) . These two factors raised significant doubts about whether it was feasible to use TCRs as targeting molecules. The tumor cell staining results in this study demonstrate that a dimeric form of the scTCR does in fact have sufficient affinity to function as an Ag recognition molecule in vitro. The antitumor effects of the 264scTCR/IgG1 fusion protein in our experimental metastasis model additionally demonstrate that the Ag-targeting capability of this type of scTCR molecule also functions in vivo. We are currently performing experiments to determine whether the density of the peptide/MHC complexes on the tumor cell surface directly influences the ability of scTCR fusion proteins to target tumor cells.
Affinity plays an important role in tumor retention and penetration by macromolecules such as Abs. It has been shown that increasing the affinity of Abs increases tumor retention, but at a K D Ͼ 10 Ϫ9 M, tumor retention is not further improved, and penetration is hindered significantly (37, 38) . The 264scTCR was derived from a T cell line generated from a HLA-A2.1-transgenic mouse. TCRs derived from these mice are CD8 independent and are postulated to have high affinity for their cognate peptide/MHC complex (11). Our measurements indicate that the affinity of the dimeric 264scTCR/IgG1 fusion molecule for peptide/MHC is on the order of 5.6 ϫ 10 Ϫ7 M K D , which is exceptionally high for a TCR. Abs with this level of affinity show low levels of tumor retention but very efficient tumor penetration (37, 38) . Whether the unusually high affinity of this scTCR for its cognate peptide/MHC is the key to successful tumor cell staining and antitumor activity is unknown but is receiving additional investigation in our laboratory. The affinity of scTCR molecules can also be increased substantially using a variety of in vitro enhancement methods in combination with mutagenesis (33, 39) . For example, we have developed a phage display method wherein scTCRs are expressed as bacteriophage M13 gene VIII fusions (33) . In vitro multimerization methods, such as birA-streptavidin conjugation or crosslinking with liposomes or dendrimers, may also increase the avidity of scTCR molecules. Such multimerization should increase the avidity of a scTCR-based therapeutic agent for its target without sacrificing Ag recognition specificity. Dimerization using the IgG H chain illustrates the feasibility of such an approach because the dimeric 264scTCR/IgG1 fusion protein has a significantly higher affinity for its cognate peptide/HLA complex than the monomeric 264scTCR/trIgG1 protein.
The serum half-life of the 264scTCR/IgG1 molecule is ϳ4 h, which is consistent with that of our other scTCR fusion proteins (18) . Although this apparent serum half-life is short compared with other full-length Ab molecules, it is significantly longer that that of Fab and single-chain variable fragments. Moreover, having a shorter half-life for a targeted IgG1-based therapeutic may help to improve on the safety profile of such a targeted therapeutic agent while maintaining the effector function of the FcR-binding portion of the molecule. It is possible that this fusion protein may be cleaved in vivo as has been shown for some other Ab-based fusion proteins (40) . Analyzing the blood serum of animals given 264scTCR/IgG1 using ELISAs in other formats (different capture and detection, i.e., TCR/TCR, TCR/IgG, and IgG/IgG), as well as SDS-PAGE and immunoblots, may help determine whether this fusion protein is cleaved in vivo. In addition, it is possible that the fusion protein is taken up rapidly in tissues after administration. Biodistribution studies will elucidate whether the fusion protein is taken up in the tissues and, if so, what proportion is taken up compared with that remaining in circulation.
Mechanisms of action that have been described for therapeutic Abs include ADCC, direct blockage of critical survival signals, and induction of apoptotic signals leading to cell death (4 -9). Our data indicate that the 264scTCR/IgG1 fusion protein is capable of mounting a potent ADCC-mediated killing of targeted cells, although its effect on the unmanipulated tumor cells in vitro is minimal under similar experimental conditions (data not shown). This result does not eliminate the possibility that ADCC is a possible mechanism of action for the antitumor activity of the 264scTCR/ IgG1 fusion protein in vivo. For instance, it has been shown that Ag processing and presentation by tumor cells can be altered by the localized inflammatory environment within the surrounding tissues (41) . These changes in the tumor cells could make them favorable targets for 264scTCR/IgG1 fusion protein-mediated ADCC. However, the high level of killing in our in vitro ADCC assay and the high efficacy of 264scTCR/IgG1 against tumor metastasis in our in vivo metastasis model suggests that additional mechanisms might also be involved. 264scTCR/IgG1 does not induce apoptosis of APCs in vitro (data not shown). We believe that it might be possible that NK cells are also activated as a result of an altered interaction between NK inhibitory receptors and tumor cell-expressed HLA class I molecules when the 264scTCR/IgG1 fusion protein is present. Recently reported data demonstrates that a weak interaction between a NK cell inhibitory receptor subtype and its corresponding polymorphic HLA molecule are responsible for the rapid clearance of hepatitis C virus in certain individuals. The authors propose that when responding to hepatitis C virus infection, individuals homozygous for a weaker pair of HLA inhibitory receptors more effectively activate NK cells than individuals with other genotypes (42) . Therefore, it is conceivable that the 264scTCR/IgG1 molecule blocks the inhibitory receptor interactions with HLA-A2 molecules and thereby stimulates NK cells via the release of the inhibitory signals.
In conclusion, we have demonstrated that the scTCR/IgG1 fusion protein is a viable alternative approach to more traditional Ab-targeted immunotherapeutics. The 264scTCR/IgG1 fusion protein exhibits Ab-like characteristics in that it can specifically bind to tumor cells in vitro and reduce tumor cell metastasis in vivo. TCRs are capable of recognizing intracellular proteins. Therefore, our soluble TCR-based reagents have the potential to expand the range of tumor or viral Ags for targeted therapies beyond those currently addressed by the conventional Ab-based approach.
